Understanding the interaction between bacterial cells and solid surfaces is essential to our attempts to quantify and predict the transport of microbes in groundwater aquifers, whether from the point of view of contamination or from that of bioremediation. The sorption of bacterial cells suspended in groundwater to porous medium grains was examined in batch studies. Bacterial sorption to clean quartz sand yielded equilibrium, linear, adsorption isotherms that varied with the bacterial strain used and the ionic strength of the aqueous solution. Values of Kd (the slope of the linear sorption isotherm) ranged from 0.55 to 6.11 ml g-1, with the greatest sorption observed for the highest groundwater ionic strength. These findings are consistent with the interpretation that an increasingly compressed electrical double layer results in stronger adsorption between the like-charged mineral surface and the bacterial cells. When iron-oxyhydroxide-coated sand was used, however, all of the added bacteria were adsorbed up to a threshold of 6.93 x 108 cells g of coated sand-, beyond which no further adsorption occurred. The irreversible, threshold adsorption is the result of a strong electrostatic attraction between the sesquioxide coating and the bacterial cells. Experimental results of adsorption in mixtures of quartz and Fe(III)-coated sand were successfully predicted by a simple additive model for sorption by the two substrate phases. Even small amounts of Fe(III)-coated sand in a mixture influenced the extent of adsorption of bacterial cells. A quantitative description of adsorption in the mixtures can be realized by using a linear isotherm for reversible adsorption to the quartz grains with a y intercept that represents the number of cells irreversibly adsorbed to the Fe(III)-coated sand.
The study of the contamination of groundwater and aquifers has recently broadened to include questions about the presence and movement of bacteria because they may be pollutants (13, 45) or they may be agents of biorestoration in aquifers contaminated by organic compounds (37) . In either case, a better understanding of the mechanisms that promote or retard transport of microbial cells through porous media is needed.
Interaction between bacteria and solid surfaces is a subject of importance in many scientific disciplines; the adhesion of bacteria to surfaces has been investigated with a number of artificial and natural materials (3) . Of most importance to issues related to bacteria in groundwater are results that show strong bacterial adhesion to natural mineral surfaces (31, 32) . These studies point to the importance of sorption, or nonspecific association between the microorganisms and solid mineral surfaces, in the retention of bacteria in aquifers.
One approach taken to interpret the sorption event is the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, in which the bacteria are treated as colloids and the changes in free energy between charged cell surfaces and a solid particle surface are evaluated as a function of separation distance (25, 26, 29, 40) . Bacteria first approaching the solid surface experience generic physicochemical forces that have traditionally been quantified in adsorption theory (38, 43) . Models developed for chemical compounds to characterize the distribution of mass between aqueous and solid phases have been applied to bacterial sorption (29, 41) and typically relate concentration of sorbed bacteria to concentration of suspended bacteria through a sorption isotherm.
The three common equilibrium isotherms used in solute adsorption have been used to describe the adsorption of bacteria to various substrates (5, 45) . In a theoretical development, Hendricks et al. (19) expected the physicochemically based, nonlinear Langmuir isotherm to describe adsorption of bacteria on soils. Fitting experimental data derived from batch experiments with kaolinite clay, silt loam, and silica sand, they reported the Kmn value (the maximum number of cells sorbed per gram of mineral matter) for the isotherm, although little resolution of the low-concentration, linear portion of the isotherm was possible with their data. Rather than assuming an isotherm model outright, other investigators have attempted to fit various isotherms to batch adsorption data. Lindqvist and Bengtsson (23) reported linear isotherms (i.e., Kd values, linear slopes of the regression lines of the number of cells sorbed against the number of cells in suspension at equilibrium) for batch experiments in which bacteria partitioned between soil and ground-or lake water. In later work, Lindqvist and Enfield (24) suspected that the positive intercepts obtained in fitting a linear isotherm to their data suggested that a nonlinear isotherm would be a more accurate description of their data. Fitting a Freundlich isotherm, however, did not significantly improve the description of the data. Bales et al. (1) fitted a Freundlich isotherm to experimental data on bacteriophage adsorption to silica beads but, after finding that the exponent was 1.0, inferred that the adsorption isotherm was linear.
The fact that data are fit well by an isotherm model does not provide definitive information about the mechanisms involved (6, 9) . Indeed, mechanisms of adsorption for bacteria to soil are incompletely understood. Some studies have been specifialthough thought to be influenced by a number of environmental factors, is usually dominated by electrostatic interactions owing to the surface-active nature of the particulates involved (35) .
Although an equilibrium sorption mechanism is implied in the success of these isotherms in describing the partitioning of bacteria between aqueous and solid phases, little work has been done to elucidate the influence of important factors on said isotherms. A quantitative description of the retention of bacteria through sorption to geological materials has not been exhaustively explored, so neither the type of isotherm appropriate to describe equilibrium with natural materials nor the effect of substrate characteristics or solution chemistry has been adequately evaluated.
Factors influencing sorption. The factors that may influence the-attraction of the cell surface for the mineral surface include the electrostatic charge on each (5), the hydrophobic or hydrophilic nature of each (10, 27, 39) , and the chemical composition of the conducting fluid (16, 41) as some balance of attractive and repulsive forces is achieved.
The effect of the chemical composition of the aqueous solution is expected from theory (26, 42) and has been demonstrated in the laboratory. Increasing the ionic strength of the aqueous solution has been shown experimentally to increase the extent of bacterial sorption to a variety of natural (14, 33, 45) and artificial (26, 41) surfaces, as well as to enhance retention in sand columns during transport experiments (11, 12) . In the DLVO theory, it is expected that surfaces of like charge can attract one another at high electrolyte concentrations when the electrical double layer is compressed due to the increased concentration of electrolytes (12, 16, 29, 41) . Although conceptually sound, the effect on isotherm models remains unquantified.
The effect of substrate mineralogy, beyond a simple surface area dependence, has been demonstrated, and the results can be interpreted as a charge effect. The similar negative charges of quartz (36) and bacterial cells (15, 41) lead to lesser sorption than the opposing charges of calcite or ferric oxyhydroxidecoated quartz (32, 36) . The effect of sesquioxide coatings has been shown to be more important in establishing the charge characteristics of the surface than the effect of the underlying bulk mineral (18 (11) . The formulation for the AGW used in this study was as follows: KNO3, 0.75 mM; MgSO4, 7.00 mM; CaSO4, 5.10 mM; NaCl, 1.70 mM; NaHCO3, 7.00 mM. The total ionic strength of the AGW as mixed was 57.9 mm (millimolality). Other ionic strengths were obtained by dilution; those concentrations correspond to total ionic strengths of 1.16, 5.79, and 11.6 mm.
Bacteria and growth conditions. The bacterial strains used were taken from the groundwater culture collection of the Laboratory of Microbial Ecology at the University of Virginia (11) . Strains W8 and S1 were selected for use in this study on the basis of their differences in cell surface hydrophobicities.
The hydrophobicity of each strain was determined as the water contact angle (5) Fig. 1 show a clear effect of ionic strength on sorption of bacteria to clean quartz sand and an additional effect of bacterial strain as well. The isotherm slopes (Kd) increased with increasing ionic strength over the range of 1.16 to 57.9 mm. An effect of bacterial strain was also seen. At the lowest ionic strength, the Kd values were similar for both strains, i.e., 0.55 and 0.56 ml g-' for strains S1 and W8, respectively. At the highest ionic strength, the difference in Kd values had increased substantially, with strain W8 being the more strongly sorbed (Kd = 6.11) as opposed to S1 (Kd = 3.72); however, the ionic strength effect within each strain appeared to reach a plateau with a smaller increment of adsorption for additional salt added to the bulk solution (Fig. 2) .
Experiments were run with either uncoated or Fe(III)-coated quartz sand grains to determine the effect of surface coating on adsorption. The Isotherms were not generated for the batch experiments involving coated quartz and the experimental bacterial concentrations. When the general batch experimental procedure was carried out for strain W8, almost all of the cells sorbed to the coated sand grains regardless of cell suspension concentration, ionic strength of the AGW, or cell surface hydrophobicity. Batch experiments performed on strain Si using the lowestionic-strength AGW resulted in the same "total adsorption" effect; thus, further study with higher ionic strengths would not have been productive.
Additional batch experiments were performed with Fe(III)-coated sand, using higher initial cell suspension concentrations to determine an isotherm appropriate for the coated sand grains. Apparent saturation of the sorption sites on the sand was reached at a sorbed concentration of 6.93 x 108 cells g-l.
Once that level was reached, no additional cells sorbed (Fig. 3) . When samples of the sand were placed in AGW of the same (Fig. 4) . The experimental data suggested that bacterial sorption increased with increasing percentages of the Fe(III)-coated sand. The predicted values of sorption, on the other hand, decreased slightly before increasing over the range of mixture composition tested. The predicted values also have a distinct deviation from a smooth relationship (viz., the parabola shown in Fig. 5 ). The reason that the predicted values drop before they begin to increase with increased amounts of Fe(III) coating is the balance between reversible sorption to clean sand and irreversible threshold sorption to Fe(III)-coated sand for the solid/ solution ratio used. 
DISCUSSION
Application of an equilibrium isotherm is supported by the observation of both adsorption and desorption occurring for suspensions in contact with uncoated sand grains. Both time course sorption and desorption experiments were run (data not shown), and the curves appeared to reach constant levels early within the experimental period allotted; this rapid equilibration has been observed in other studies as well (41) . The isotherms are linear and, with zero intercepts, satisfy the model for Kd (1, 23, 24) . The actual values obtained here (0.55 to 6.11 ml g-1; Fig. 1) are not dissimilar to those reported in the literature for bacterial sorption to clay, silica sand, and bulk soil (6.4 and 12.6 ml g-' in Lindqvist and Bengtsson [23] ; 0.4 to 120 ml g-1 in Lindqvist and Enfield [24] ).
Although the transport experiments of Fontes et al. (11) and Gannon et al. (12) demonstrated an effect of ionic strength on cell retention, and the laboratory work of Gordon and Millero (14) and Sharma et al. (33) showed increased adsorption to minerals with greater ionic strengths, the present work defines the relationship between ionic strength and bacterial sorption isotherms (Fig. 2) . The range of ionic strengths used (ca. 1 to ca. 58 mm) is reasonable in terms of dilute groundwater, and the impact of solution composition is significant. For strain Si, the Kd at the highest ionic strength (57.9 mm) is 6.76 times greater than it is at the lowest ionic strength (1.16 mm). For strain W8, this factor is a 10.9-fold increase in the value of Kd.
The mechanistic basis of the observed ionic strength effect is related to the shrinking of the double layer as the ionic strength increases (34) . According to the DLVO theory, as the concentration of counterions increases, the secondary free energy minimum, i.e., the location at which reversible sorption occurs as a result of balanced attractive and repulsive forces between particles, is forced closer to the actual mineral surface (26) . The potential energy barrier to the secondary minimum in the DLVO theory shrinks, and the bacterial cells more readily occupy reversible adsorption sites with increasing ionic strength of the aqueous solution (16, 41). Thus, in quantified isotherms of bacterial adsorption, the Kd value is higher at higher ionic strengths (Fig. 2 ). There is a limit, however, to the compression of the double layer; beyond a certain level, continued addition of electrolyte compresses it no further (14, 33) . The asymptotic limit represents the condition for which the electrostatic energy barrier near the surface ceases to exist (16) . Within the range of ionic strength typically encountered in groundwater, the thickness of the electrical double layer is inversely proportional to the square root of ionic strength (8, 41) . The implicit relationship between Kd and the thickness of the electrical double layer can be seen in the increasingly positive Kd values with increased ionic strength (Fig. 2) . A linear regression of Kd on square root of ionic strength yields a good fit (d2 = 0.95 for W8;r2 = 0.99 for Si), giving support to the expectations suggested by van Loosdrecht et al. (41) .
While a number of cell surface-related variables might contribute to the differences seen between the strains of bacteria used in this study, the strong effect of ionic strength on sorption suggests that the sorptive processes are dominated by electrostatic mechanisms as opposed to cell surface hydrophobicity, specific chemical interactions between the cells and the mineral surfaces, or other such variables. The data suggest that the strains may vary in terms of their total charge density, their zero point of charge, or any other electrostatic variable controlled by the specific chemical makeup of the cell surface that is related to electrostatic charge on the cell surface.
The sorption of bacteria to Fe(III)-coated sand is not reversible. Nearly complete uptake of cells to the surface occurs up to a threshold beyond which no further cells are attracted to the mineral surface (Fig. 3) (41) . It is not known for the strains used in the present study whether adhesion with specific surface structures is actually occurring and is thus the cause for irreversible adhesion to Fe(III)-coated sand. In the DLVO theory, it is also possible for strongly electroattractive particles to overcome any potential energy barrier and enter the primary minimum (41) . For bacteria, attraction to a positively charged surface has been great enough to place the cells into the primary energy minimum adjacent to the mineral surface, i.e., into irreversible adsorption (41) . So, for the positively charged surface of Fe(III)-coated sand used in this study, electrostatic attraction may be adequate to drive irreversible adhesion without the need for specific surface structures being formed. The only other research focusing on the effect of Fe(III) coatings on sand grains in bacterial sorption (31) found partial desorption from natural sand amounting to only 5 to 14% of the initially sorbed cells. In using natural sands, the confounding effects of organic matter and anions, both of which may adsorb to the Fe(III) coating and alter the net positive charge for attraction of bacteria, may cause partial desorption, whereas in the present experiment, in the absence of competing anionic adsorbates, desorption did not occur.
The theory of heterogeneous mixtures of sorbates is not well developed (6) . Nevertheless, our results suggest that a simple linear superposition of effects suffices to describe sorption in mixtures of clean quartz sand and Fe(III)-coated sand. This, in fact, may explain some isotherms observed for natural sands. Our results imply that the isotherm for a heterogeneous mixture would be linear but with an offset on they axis (Fig. 6) 
